Abstract-An application of a small air-spaced coaxially fed rectangular microstrip patch antenna as a sensor for permittivity measurement is presented. The models used for the calculation of the permittivity from the shift in the resonant frequency for solid and liquid materials are described. The models are experimentally verified by measurements for several liquid and solid samples. The results are compared with those obtained using standard techniques, namely, coaxial probe and waveguide cell measurements. An error correction technique for the elimination of the systematic error of the measurement is also included.
I. INTRODUCTION

M
ICROWAVE sensing techniques have found many applications in industrial measurements, such as the determination or monitoring of materials permittivity, moisture content (microwave aquametry), or the constituent proportions in materials [1] - [5] . Microwave dielectric analysis and monitoring of the physical properties of materials is a well-established field, as far as laboratory measurement is concerned. However, there is still a need for on-line, low-cost industrial applications of those techniques. Different applications require different sensors, and they are usually developed specifically for particular applications [3] , [4] .
One of the methods for permittivity measurement is by means of a microstrip structure. In comparison with other structures used for permittivity measurements, such as waveguide cells, resonant cavities, or coaxial probes, the advantages of the microstrip are small size, simple fabrication, and low cost. The most common type of microstrip structure used for this type of measurement is a microstrip line [5] . The material under test is usually placed on top of the microstrip line, and its properties are calculated from the attenuation [5] , [6] . The other frequently used configuration is a microstrip resonator, where the permittivity is calculated from the shift in resonant frequency [7] .
In this work, for the first time, a patch antenna is used as a sensor for permittivity measurement. In comparison with microstrip line structures, the advantages of the microstrip patch are low profile, relative simplicity, ease of fabrication, and low price. The author is with Imaging and Sensing Team, Industrial Research Ltd., Auckland, New Zealand (e-mail: m.bogosanovich@irl.cri.nz).
Publisher Item Identifier S 0018-9456(00)07955-9. In addition, it is expected that this structure will have better sensitivity than a microstrip line. The analysis of the line is based on transmission-line theory, assuming that most of the energy is concentrated in the space between the line and the ground plane, leaving only a small part, usually called the fringing field, to interact with the measured superstrate material [7] . This method is suitable for characterization of materials with low permittivity, typically with the accuracy better than 5% [6] , [7] . However, the results are less precise for materials with a higher dielectric constant, since higher order modes are not taken into account [6] . Unfortunately, the exact analysis, which includes the higher order modes, is very complex. Using the patch antenna sensor presented in this work, it is assumed that the interaction with the sample in the patch sensor is due not only to the fringing fields, but also to the near and radiated fields as well. TM mode is shown to be an efficiently radiating mode for a superstrate loaded structure [8] . To keep the simplicity, approximative equations are used. In the following sections, the analysis of a microstrip patch sensor is presented and the permittivity measurement of liquids is described, as well as a possible extension of the technique for the measurement of solid samples. As an addition to our work on the measurement of liquids published earlier [9] , the structure is analyzed here for liquids and solids. Variational expression for effective dielectric constant calculation is used, and dispersion effects are taken into account.
II. SENSOR DESCRIPTION AND MODEL
The microstrip sensor used here is a small coaxially fed rectangular patch with a width , length and the feeding point position at the coordinates , (Fig. 1 ). The conventional microstrip patch structure consists of a dielectric slab backed with a ground plane on one side and a metallic patch on the other side. The accurate analysis of the 0018-9456/00$10.00 © 2000 IEEE structure is complex and time-consuming. Therefore approximative solutions, such as transmission line model and cavity model, are usually applied [10] , [11] .
The media surrounding the patch is not homogeneous, since the space above the patch is filled with the dielectric (usually air, ), while the space between the patch and the ground plane is filled with the dielectric . This "mixture" of media above and below the strip is usually modeled by means of effective permittivity [13] , defined by means of the filling factor For the microstrip with a superstrate, shown in Fig. 2 , two filling factors and are needed [7] ( 1) where is the filling factor for a medium with permittivity , is the filling factor for a medium with permittivity , while the medium above is assumed to be air.
The presence of the superstrate, and therefore the change in the effective permittivity, will cause changes in the operating characteristics of the antenna, such as resonant frequency, radiation resistance and antenna factor. Since our goal is to develop a simple, easy-to-use sensor using closed-form equations, the patch is analyzed using Carver's cavity model [10] , in which it is modeled as a thin cavity with magnetic walls. The effect of radiation and other losses are represented as the wall admittance [10] . The resonant frequency is calculated from the dominant mode (TM ) eigenvalues, given by (2) where is effective permittivity, while is the dominant mode eigenvalues, found from the iterative procedure [10] using with as a seed value, and where is the wall admittance, calculated by the approximative procedure given in [10] .
The effective dielectric constant can be determined from the quasistatic capacitance of the structure using (3) where and are the capacitances of the transmission line structure with and without dielectric, respectively, which are calculated using a formula obtained by the variational method in the spectral domain [7] (4) where and are relative dielectric constants of superstrate and substrate materials, respectively, is the free-space permittivity, is the substrate thickness, is superstrate thickness, is patch width, and is the Fourier transform variable. In this approach, the capacitance values are obtained using the infinite transmission line model, where the patch is considered as a segment of an infinite line. There are other approaches to this problem [15] , where a two-dimensional analysis is considered. However, they are very complex and for the sake of simplicity we have adopted the infinite line approximation.
To include the superstrate material losses in the analysis, the effective permittivity used in (2) is taken as a complex value, defined by (5) To determine the complex permittivity, besides the shift in the resonant frequency, an additional parameter should be observed. Here, the input reflection coefficient is used. The input impedance of the patch antenna is [10] (6) where working frequency; resonant frequency; series inductive reactance; radiation quality factor for dominant mode; patch capacitance [10] . The effect of fringing fields is included in the model by means of an equivalent additional line length, obtained for open circuit discontinuity [13] (7)
Considering the fact that the structure is self supported, the strip thickness becomes significant. Thus, the correction due to the strip thickness by means of an equivalent change in the width and the length of the patch is calculated [12] .
III. MEASUREMENTS OF COMPLEX PERMITTIVITY OF LIQUID MATERIALS
The microstrip patch sensor used for the measurement of liquids is an air-spaced antenna, presented at Fig. 3 . The length of the patch is 20 mm, its width is 15 mm, and the thickness is 2 mm. The patch is "buried" in the liquid under test, and the "thickness of the superstrate" is measured from the top of the patch.
Although (4) is still valid here, in order to get a simple and fast procedure with approximative closed-form equations, the effective permittivity is calculated using the equation for a buried microstrip line [12] 
Here, is the effective dielectric constant, given by
The effective permittivity in (8) is a complex value. Therefore the model presented here can be used for the measurement of lossy materials as well. The results obtained with this method are compared with the values obtained using (4) , and the agreement is very good. Measurements of permittivity were performed at 20 C using an HP8720C Vector Network Analyzer, following the full one-port calibration. The complex permittivities of five liquids: 1) Cyclohexane, 2) Pentan-1-ol, 3) Butan-1-ol, 4) Ethanol, and 5) water at two feeding point positions, mm and mm, were measured. The superstrate level was kept constant. The results were compared with those obtained using a commercially available HP85070B Dielectric Probe Kit at the measured resonant frequencies.
The measured values for the return loss of the antenna are presented in Fig. 4 . The values obtained using the theoretical model presented above and the permittivity data obtained using HP85070B are given on the same graph. The influence of the container is not included in the model, which partially explains the difference between the measured and theoretical results. The values of permittivity obtained by the sensor are given in Table I . The accuracy for dielectric constant, as compared with the dielectric probe data, is up to 10%. The accuracy can be significantly improved by taking into account the presence of the container. The accuracy of loss tangent data is significantly poorer when compared to the data obtained by dielectric probe, but not as compared with some data obtained in literature [16] , and it needs more examination in the future.
The accuracy of permittivity measurement is significantly influenced by the accuracy of the input impedance measurement, so a full one-port calibration of the ANA was performed. However, in that way the discontinuities, such as the container, the transition from APC7 to SMA connector, or transition from coaxial line to microstrip at the feeding point, are not taken into account. Therefore, an error correction technique for the elimination of systematic errors using three liquids with known complex permittivity has to be performed [14] .
The standard materials chosen were air, cyclohexane, and pentan-1-ol, while the "measured" liquid is butan-1-ol. The scattering parameters of the three-term error model are calculated from the true and measured value of the complex reflection coefficient. Using these values, the corrected values for the measured reflection coefficient are obtained, and they show much better agreement as presented in Fig. 5 for butan-1-ol.
IV. PERMITTIVITY MEASUREMENT FOR SOLID SAMPLES
For the solid material permittivity measurements, the sample under test is positioned on the top of the patch, forming the cover or superstrate material with thickness . From (2) it is obvious that the effective dielectric constant is a function of permittivity and filling factors. Therefore, in order to obtain a dependence on material permittivity only, it is necessary to keep the filling factors constant during the measurements, which means that all samples should have the same dimensions.
Using (4) for the effective dielectric constant determination, combined with the Kobayashi dispersion model [13] , the shift in resonant frequency due to the change in superstrate dielectric constant has been calculated. As the reference value, the PTFE resonant frequency is taken. The calculated shift in resonant frequency shows good agreement with the experimental result.
The measured return loss as a function of frequency for the patch antenna with a superstrate is shown in Fig. 6 . The materials for the superstrate are PTFE ( ), Thordon ( ), Nylon ( ), and Acrylic ( ). The values here are obtained using the waveguide cell technique measurements. The measured resonant frequencies of four solid materials are presented in Table II .
V. CONCLUSION
The microstrip patch antenna structure has been modeled by means of a modified cavity model, which offers approximative closed-form equations and a fast procedure for the determination of material permittivity. The structure has very good sensitivity, particularly for liquids, where the space between the patch and ground plane, and the space above the patch are filled with the liquid under test. It is well suited for remote measurements of low-loss materials. It is particularly well suited for monitoring changes in the dielectric constant of a material. The sensor is capable of permittivity measurement for a wide range of materials/permittivity values. If more accurate results are to be obtained, the effect of dispersion must be included. A possible solution to this problem is presented in [15] , where a technique for determining a frequency-dependent effective permittivity for multilayer microstrip patch antennas is given.
